Interleukin-12 (IL-12) has been shown to be critically important for optimal cell-mediated immune responses against a variety of pathogens (38) . In particular, endogenous IL-12 production or exogenous IL-12 administration results in increased resistance against a variety of intracellular pathogens, such as Salmonella species (19, 28) , Leishmania species (1, 14, 31, 37) , and mycobacteria (5, 9) . The mechanism of such protection appears to be due in large part to the ability of IL-12 to augment gamma interferon (IFN-␥) production by NK cells and activated T cells (21, 26, 27, 32) . IL-12-induced IFN-␥ production can then activate macrophages to destroy the invading intracellular microbe (38) . Such a mechanism is particularly important since it has been suggested that these intracellular pathogens can induce macrophages to secrete substantial quantities of IL-12 (4, 22, 23, 25, 33, 35) . In this manner, macrophages which phagocytose microbes, such as salmonellae would produce IL-12, inducing IFN-␥ production and augmenting macrophage-mediated destruction of the intracellular pathogen.
IL-12 differs in structure from most cytokines in that it is a heterodimer, composed of 35-and 40-kDa subunits (11, 21, 36, 41) . Bioactive IL-12 is secreted as a 70-kDa protein (IL12p70); however, the 40-kDa subunit (IL-12p40) can also be secreted in considerable excess over the heterodimer (6, 13, 15, 16, 33, 34) . The ability of excess IL-12p40 to be secreted may have important implications in the function of this cytokine, since the homodimer of IL-12p40 has been shown to antagonize the activity of IL-12p70 (10, 17, 24, 29) . Therefore, measurements of IL-12 production must take into account the possibility that IL-12p40 is produced in significant excess over IL-12p70. Failure to distinguish between secretion of these two proteins could result in a gross exaggeration of the amount of bioactive IL-12 actually produced and may actually represent production of an IL-12 antagonist.
Previous studies have investigated the importance of IL-12 in the protective response against the intracellular pathogen Salmonella dublin (2, 19) . Upon oral administration, S. dublin induced rapid and dramatic IL-12 mRNA expression at mucosal sites (2) . This in vivo mRNA expression translated into in vivo secretion of IL-12, as evidenced by the ability of anti-IL-12 antibodies to greatly reduce resistance against orally administered Salmonella (19, 28) . In addition, treatment of mice with recombinant IL-12 (rIL-12) increased resistance against salmonellosis (19), further demonstrating the importance of this cytokine in the response against intracellular bacterial infections.
In an effort to begin to dissect the mechanisms of bacteriuminduced IL-12 production, the ability of intracellular bacterial pathogens to induce IL-12 mRNA expression in cultured murine macrophages was investigated (4, 35) . In these studies, Salmonella (4) and Listeria (35) species induced rapid and dramatic expression of both IL-12p35 and IL-12p40 mRNAs, suggesting that these intracellular pathogens might be potent inducers of IL-12p70 in cultured macrophages. Several recent studies have reported that intracellular bacterial infection can stimulate macrophages to secrete substantial amounts of IL12p40 (23, 25, 33) . However, none of these studies demon-strated comparable levels of IL-12p70 secretion induced by intracellular bacterial infection of macrophages. Therefore, taken together (4, 22, 23, 25, 33, 35) , the in vitro studies have not clearly demonstrated the ability of intracellular bacterial pathogens to induce substantial IL-12p70 secretion in cultured macrophages.
In this study, we investigated in great detail the ability of S. dublin to induce secretion of IL-12 in cultured murine macrophages, using enzyme-linked immunosorbent assays (ELISAs) specific for IL-12p40 and IL-12p70 as well as a bioassay for IL-12p70. Surprisingly, intracellular infection with S. dublin induced macrophages to secrete significant quantities of IL12p40, but this bacterium could not induce comparable levels of IL-12p70 secretion.
MATERIALS AND METHODS
Strains of mice and S. dublin. BALB/c (Charles Rivers Laboratories, Wilmington, Mass.), CBA/J (Jackson Laboratory, Bar Harbor, Maine), and C3H/HeJ (Jackson Laboratory) mice were selected for study because they responded differently to Salmonella infection or to bacterial lipopolysaccharide (LPS). BALB/c mice (Ity s [18] ) are sensitive to infection and death by wild-type strains of Salmonella, whereas CBA/J mice (Ity r [18] ) are more resistant. While macrophages from both BALB/c and CBA/J mice respond readily to bacterial LPS, macrophages from C3H/HeJ mice are hyporesponsive to the effects of bacterial LPS (40) .
S. dublin SL1363 is a wild-type strain which is pathogenic and potentially lethal when given to susceptible mice. SL1363 was selected for use in these studies because of this phenotype and the demonstrated ability of this strain to induce IL-12 production in BALB/c mice (18) . Salmonellae were grown to log phase in Luria broth and washed twice in RPMI 1640 (Gibco, Gaithersburg, Md.), to minimize the amount of free LPS present, prior to addition to macrophage cultures. Quantification of bacteria was estimated by optical absorbance (650 nm) and subsequently confirmed by colony counts of limiting dilutions.
Macrophage isolation and cultures. Macrophages were isolated as previously described (3, 4) from peritoneal cavities of mice primed 3 days prior with intraperitoneal injections of 0.25 ml of incomplete Freund's adjuvant. Macrophages were harvested from the peritoneal cavities of primed mice and washed twice in RPMI 1640 containing 2% fetal calf serum (Gibco). Cells were placed in 25-cm 2 tissue culture flasks and allowed to adhere for 45 min. Nonadherent cells were then washed off, and various numbers of S. dublin SL1363 were added to the macrophages for 1 h in RPMI 1640 containing 2% fetal calf serum without antibiotics. Nonphagocytosed bacteria were then washed off the macrophages. This washing procedure reduced the number of extracellular bacteria by more than 4 logs. After washing, 3 ml of RPMI 1640 containing 2% fetal calf serum and gentamicin was added, and the macrophages were cultured at 37°C in a 5% CO 2 humidified incubator. Gentamicin was selected as an antibiotic due to its limited ability to be taken up by eukayrotic cells (7) . Therefore, the addition of gentamicin should have had little effect on the viability of Salmonella cells which had been phagocytosed. It was necessary to add an antibiotic to the cultures, since the small number of extracellular Salmonella cells not excluded by the washing procedure, or intracellular Salmonella cells escaping from lysed macrophages, can grossly contaminate the cultures, which were routinely performed for 48 h. At the indicated times, culture supernatants were taken from each flask for ELISAs or bioassays to quantify IL-12p40 and/or IL-12p70 secretion.
Selected macrophage cultures were incubated with various concentrations of LPS from Salmonella typhimurium (Sigma Chemical Co., St. Louis, Mo.) or with LPS (1 g/ml) plus IFN-␥ (1,000 U/ml; PharMingen, San Diego, Calif.) without the addition of bacteria. These macrophages were cultured in RPMI 1640 containing 2% fetal calf serum and gentamicin. At the indicated times, culture supernatants were taken from each flask for ELISAs or bioassays to quantify IL-12p40 and/or IL-12p70 secretion.
After culture supernatants were removed for analysis, the number and viability of macrophages were determined by counting in the presence of trypan blue.
Quantification of IL-12p40 and IL-12p70 by ELISA. Secretion of IL-12p40 into culture supernatants was quantified by a capture ELISA performed essentially as described previously (20) . For detection of IL-12p40, monoclonal antibody C15.6 was used to coat microtiter plates, followed by detection with biotinylated monoclonal antibody C17.8. Hybridomas secreting these monoclonal antibodies were kindly provided by G. Trinchieri (Wistar Institute, Philadelphia, Pa.) or were purchased from PharMingen. The sensitivity of this ELISA for IL-12p40 was determined to be approximately 50 pg/ml.
For detection of IL-12p70, monoclonal antibodies which recognize IL-12p35 (39) (Red-T and G297-289; PharMingen) were used to coat microtiter plates, followed by detection with biotinylated anti-IL-12p40 monoclonal antibody C17.8 (Pharmingen). The ELISA to detect IL-12p70 could not recognize monomeric or dimeric IL-12p40. The sensitivity of this ELISA was approximately 30 pg/ml.
Quantification of IL-12p40 or IL-12p70 from culture supernatants was determined by extrapolation of absorbance values from experimental samples to standard curves derived from the addition of known concentrations of recombinant murine IL-12 (PharMingen).
Bioassay for detection of IL-12.
The bioassay is based on the ability of IL-12 to induce the secretion of IFN-␥ by mononuclear splenocytes in a quantitative manner (42) . The assay was performed as described previously (20) , with the following modifications. The monoclonal antibodies which recognize IL-12p35 (39) (Red-T and G297-289; PharMingen) were used to coat microtiter wells overnight at a concentration of 12 g/ml. Wells were washed, and various dilutions of rIL-12 or macrophage culture supernatants were added to the antibodycoated wells for 5 h. Unbound material was washed from the microtiter wells, to ensure that other soluble factors present in the culture supernatants would not be present to affect IFN-␥ secretion. After washing, BALB/c splenocytes (10 6 per well) were added, and plates were incubated for 48 h at 37°C in a 5% CO 2 humidified incubator. Culture supernatants were then assayed for IL-12-induced IFN-␥ production by using a capture ELISA (Genzyme). Concentrations of IL-12 in experimental samples were determined by extrapolation of experimental values from a standard curve generated by adding known amounts of rIL-12 to splenic cultures. It should be noted that the coating antibody was not able to bind IL-12p40; therefore, it was not possible for excess free IL-12p40 in culture supernatants to interfere with this modification of the IL-12 bioassay. The sensitivity of this bioassay was approximately 10 pg/ml of IL-12p70.
Quantification of intracellular Salmonella. To quantify intracellular Salmonella, macrophage cultures were incubated with various numbers of bacteria for 1 h. After nonphagocytosed Salmonella cells were washed off, macrophages were harvested from flasks, pelleted by centrifugation, and lysed. Limiting dilutions of lysate were plated onto Luria agar and incubated at 37°C overnight. Colony counts were performed to determine the number of intracellular Salmonella cells per culture.
RESULTS

Macrophage viability and quantification of intracellular
Salmonella. The goal of this study was to quantify IL-12 secretion following interaction of macrophages with the intracellular pathogen S. dublin. We began by establishing the number of Salmonella cells which could be added to macrophage cultures without dramatically reducing macrophage viability. Table 1 shows that there was no significant decrease in macrophage viability immediately following a 1-h exposure to various dilu- b Salmonellae were grown to log phase and quantified, and various numbers of viable bacteria were added to 10 7 macrophages for 1 h in RPMI 1640 containing 2% fetal calf serum. Therefore, a challenge dose of 30:1 represents 3 ϫ 10 8 salmonellae added to 10 7 macrophages. After 1 h, nonphagocytosed salmonellae were washed off.
c After being exposed to the indicated number of salmonellae for 1 h, nonphagocytosed bacteria were washed off, and macrophages were immediately counted for viability by using trypan blue exclusion. Results are presented as means of triplicate determinations, with standard deviations always being less than 6% of mean values.
d After being exposed to the indicated number of salmonellae for 1 h, nonphagocytosed bacteria were washed off, and macrophages were then cultured for 48 h in RPMI 1640 containing 2% fetal calf serum and gentamicin. After 48 h of culture, macrophages were counted for viability by using trypan blue exclusion. Results are presented as means of triplicate determinations, with standard deviations always being less than 11% of mean values.
e After being exposed to the indicated number of salmonellae for 1 h, nonphagocytosed bacteria were washed off, and macrophages were immediately lysed. macrophages). However, after exposure to Salmonella for 60 min, followed by removal of extracellular bacteria and then culture for 48 h, there was a dose-dependent decrease in the number of viable macrophages. This was not due to a gross contamination of the cultures with Salmonella by 48 h, since gentamicin was added to the medium for this period of culture. Rather, reduced survival reflected the ability of intracellular bacteria to lyse at least a portion of the cultured macrophages ( Table 1) . The results in Table 1 represent cultures of BALB/c macrophages; similar results were obtained for CBA/J and C3H/HeJ macrophage cultures (data not shown). Salmonella-induced secretion of IL-12p40 and IL-12p70 by BALB/c macrophages. The ability of limiting numbers of Salmonella cells to induce IL-12p40 secretion in cultured, BALB/c macrophages was assessed by using a capture ELISA. Figure 1 demonstrates that intracellular infection with Salmonella is a potent stimulus for induction of IL-12p40 secretion by these cells. A peak response for IL-12p40 secretion corresponded to a challenge dose of 3:1, which represented approximately 3 ϫ 10 4 viable, intracellular Salmonella cells ( Table 1) . As a whole, the macrophage population was quite sensitive to the presence of Salmonella since fewer than 10 3 viable, intracellular bacteria per 10 7 macrophages (Table 1) could evoke a significant IL12p40 response (Ͼ3 ng/10 7 macrophages [ Fig. 1]) . In stark contrast to the ability of Salmonella to induce IL12p40 secretion in macrophages, intracellular infection with this pathogen was not a potent stimulus for secretion of IL12p70 (Fig. 2) . Despite variable numbers of Salmonella cells, the amount of IL-12p70 produced in these BALB/c cultures was often near or below the level of detection of this sensitive ELISA. Even when levels of IL-12p70 were sufficient to be quantified, they were modest and did not exceed 80 pg/10 7 macrophages. Five separate experiments using numerous challenge doses of Salmonella consistently demonstrated 60-to 150-fold more IL-12p40 secretion than IL-12p70 secretion (range of values for IL-12p70 secretion, Ͻ30 to 79 pg/ml).
The limited ability of Salmonella to induce IL-12p70 could not be attributed to a lack of macrophage viability (Table 1) or to a lack of macrophage functionality, since these cells secreted IL-12p40 quite readily (Fig. 1) . Furthermore, there was no defect in the potential for IL-12p70 secretion, since a stimulus of IFN-␥ plus LPS resulted in substantial secretion of IL12p70. We concluded from the results in Figure 2 that intracellular infection of BALB/c macrophages with Salmonella was not a potent stimulus for production of IL-12p70.
The kinetics of IL-12p70 secretion might explain the minimal response to Salmonella, since the results in Fig. 2 were determined at a single time (i.e., 48 h postinfection). However, when IL-12p40 secretion and IL-12p70 secretion were monitored over time, 48 h was found to be optimal for secretion of both proteins in response to a challenge dose of 3:1 (Fig. 3) . Therefore, under culture conditions such that the number of Salmonella cells (Fig. 2 ) and the time postinfection (Fig. 3) were varied, minimal IL-12p70 secretion was observed.
Salmonella-induced secretion of IL-12p40 and IL-12p70 by macrophages isolated from Ity s (BALB/c), Ity r (CBA/J), and LPS-hyporesponsive (C3H/HeJ) mice. Since BALB/c mice are quite sensitive to infection by S. dublin SL1363 following administration in vivo (18) , one mechanism involved in such an event may be the ability of this bacterium to limit IL-12p70 secretion in these mice. To address this possibility, two other strains of mice were selected based on resistance to Salmonella infection (i.e., CBA/J [18] ) and hyporesponsiveness to bacte- (10 7 ) from BALB/c mice were cultured for 1 h with the indicated numbers of Salmonella cells. Nonphagocytosed bacteria were then washed off, and culture medium containing gentamicin was added. After culture for 48 h, supernatants were removed for IL-12p40 ELISA analyses. Quantification of IL-12p40 secretion in experimental samples were made by extrapolation from ELISA results, using various concentrations of rIL-12 as a standard (see insert). Results are presented as mean values of triplicate determinations, with standard deviations being less than 10%. Controls for constitutive IL-12p40 production included macrophages in culture medium only. Positive controls included macrophages cultured with IFN-␥ (1000 U/ml) plus LPS (1 g/ml). The experiment was performed five times with similar results.
FIG. 2.
Salmonella-induced IL-12p70 secretion by cultured BALB/c macrophages. Peritoneal macrophages (10 7 ) from BALB/c mice were cultured for 1 h with the indicated numbers of Salmonella cells. Nonphagocytosed bacteria were then washed off, and culture medium containing gentamicin was added. After culture for 48 h, supernatants were removed for IL-12p70 ELISA analyses. Quantification of IL-12p70 secretion in experimental samples was made by extrapolation from ELISA results, using various concentrations of rIL-12 as a standard (see insert). Results are presented as mean values of triplicate determinations, with standard deviations being less than 10%. Controls for constitutive IL-12p70 production included macrophages in culture medium only. Positive controls included macrophages cultured with IFN-␥ (1,000 U/ml) plus LPS (1 g/ml). The experiment was performed five times with similar results.
rial LPS (i.e., C3H/HeJ [40] ). Figure 4 shows that while there were some differences in magnitude, macrophages from each mouse strain secreted significant amounts of IL-12p40 48 h after interaction with Salmonella. Thus, Ity resistance (18) and hyporesponsiveness to LPS (40) were not critical determinants for induction of IL-12p40 secretion by macrophages following phagocytosis of Salmonella.
Once again, in stark contrast to the ability of intracellular Salmonella to induce IL-12p40 secretion in macrophages from different strains of mice, intracellular infection with this pathogen did not induce comparable secretion of IL-12p70 (Fig. 5) . Despite variable numbers of Salmonella cells, the amount of IL-12p70 produced in macrophage cultures from each mouse strain was near or below the level of detection for this sensitive ELISA. The potential for IL-12p70 secretion by these cells was demonstrated by cultures stimulated with IFN-␥ plus LPS (Fig.  5) . These results further substantiate the limited ability of intracellular Salmonella infection to induce IL-12p70 secretion by macrophages. Furthermore, these results demonstrate that regardless of the mouse strain from which macrophages were isolated (e.g., Ity resistant or hyporesponsive to LPS), phagocytosis of Salmonella was not a potent stimulus for induction of IL-12p70 secretion.
To begin to investigate factors which might augment Salmonella-induced IL-12p70 secretion, 10 7 BALB/c macrophages were pretreated with 1,000 U of IFN-␥ for 6 h prior to challenge with various doses of Salmonella; 48 h later, the amounts of IL-12p40 and IL-12p70 secretion were quantified by ELISAs. As shown in induce IL-12p70 secretion by cultured macrophages was quite unexpected. There was no reason to question the ELISA results quantifying IL-12p70 ( Fig. 2 and 5 ), since both positive and negative controls gave expected results. However, to confirm the conclusion that intracellular infection of BALB/c macrophages with Salmonella was a poor stimulus for IL-12p70 secretion, a highly sensitive bioassay was performed. This bioassay is based on the ability of IL-12p70 to stimulate IFN-␥ production by murine splenocytes and could detect as little as 10 pg of recombinant IL-12p70 per ml. When used to quantify IL-12p70 secretion, this bioassay (Fig. 7) confirmed the ELISA results (Fig. 2) . Regardless of the challenge dose, secretion of less than 100 pg of bioactive IL-12 per 10 7 BALB/c macrophages was observed in five separate experiments. In contrast, treatment of the macrophage cultures with IFN-␥ plus LPS resulted in significant IL-12p70 production (Fig. 7) .
LPS-induced IL-12p40 secretion by BALB/c macrophages. To begin to investigate the mechanisms responsible for Salmonella-induced secretion of IL-12p40 by macrophages, we next investigated the levels of LPS necessary to induce optimal and minimal secretion of this protein. LPS was a potent inducer of IL-12p40 at concentrations from 10 to 1,000 ng/ml (Fig. 8) . Concentrations of LPS at or below 1 ng/ml induced less than 80 pg of IL-12p40 per ml (Fig. 8) . By comparison, as few as 10 5 viable, intracellular Salmonella cells (Table 1) induced greater than 5,000 pg of IL-12p40 per ml (Fig. 1) . Since the LPS content of 10 5 S. dublin cells is approximately 0.3 ng (30), it is clear that IL-12p40 secretion induced by intracellular infection with this bacterium could not be explained solely by cell-associated LPS.
DISCUSSION
Several recent investigations have suggested that intracellular bacterial infection of cultured macrophages by pathogens results in the secretion of substantial amounts of IL-12 (4, 22, 23, 25, 33, 35) . While interaction of cultured murine macrophages with Salmonella results in significant upregulation of IL-12p35 and IL-12p40 mRNA expression (4, 35) and results in significant IL-12p40 secretion ( Fig. 1 and 3 ), this stimulus, by itself, does not induce comparable amounts of secreted IL-12p70 (Fig. 2, 3, 5, and 7) . In fact, five separate experiments using a range of challenge doses of Salmonella consistently demonstrated 60-to 150-fold more IL-12p40 secretion. The limited ability of intracellular Salmonella to induce IL-12p70 is not due to the inability of BALB/c macrophages to respond to Salmonella, since these cells secrete copious quantities of IL12p40 following such an interaction ( Fig. 1 and 3) . Furthermore, the limited amount of IL-12p70 secreted by BALB/c macrophages in response to Salmonella cannot be explained by an inherent limited ability of these cells to secrete IL-12p70, since the stimulus of IFN-␥ plus LPS was quite an effective inducer of IL-12p70 (Fig. 2) .
BALB/c mice are quite sensitive to pathogenesis by Salmonella (i.e., are Ity s [18] ); therefore, it is possible that limited IL-12p70 production contributes to such a phenotype. However CBA/J mice, which are resistant to Salmonella (Ity r [18] ), and C3H/HeJ mice, which are hyporesponsive to LPS (40) , secrete substantial IL-12p40, but do not secrete comparable amounts of IL-12p70, in response to intracellular Salmonella (Fig. 5) . This difference in Salmonella-induced IL-12p70 secretion is supported not only by results from a quantitative sandwich ELISA but also by results from a sensitive bioassay (Fig.  7) . Taken together, these results support the conclusion that intracellular infection of cultured murine macrophages by Salmonella results in a limited quantity of IL-12p70 secretion.
Recent studies demonstrate that when one is investigating the production of IL-12, secretion of IL-12p40 does not reflect secretion of IL-12p70 (e.g., Fig. 3 and references 6, 13, 15, 16, 33, and 34) . IL-12 is a heterodimer composed of p35 and p40 subunits which must both be translated for secretion of bioactive IL-12 (11, 21, 36, 41) . Even if both p35 and p40 mRNAs are expressed by macrophages following interaction with Salmonella (4, 35) , it cannot be assumed that both proteins are translated or that IL-12p70 is secreted (Fig. 2, 3 , 5, and 7). Stated simply, there appears to be significant posttranscription regulation of IL-12p70 secretion that may be determined by the level of IL-12p35 expressed (34) . Furthermore, a recent publication (8) suggests that IL-12p70 may not necessarily be secreted in a soluble form but may function as a membranebound protein on macrophages. Until the factors which determine IL-12p70 secretion are identified, it will be necessary to directly quantify secretion of the heterodimer.
The erroneous assumption that IL-12p40 secretion is representative of IL-12p70 secretion is further complicated by the finding that secreted homodimers of IL-12p40 may function as antagonists of IL-12 bioactivity (10, 17, 24, 29) . Therefore, the quantification of IL-12p40 does not reflect production of bioactive IL-12 and may in fact represent secretion of an IL-12 antagonist. Perhaps one mechanism utilized by Salmonella to evade optimal cell-mediated immune responses is the ability to preferentially augment IL-12p40 secretion and to minimize IL-12p70 secretion. Clearly the presence of exogenously added IL-12p70 significantly augments the protective response against salmonellosis in vivo (19) . Such an effect of exogenously added IL-12p70 on the in vivo response suggests that limiting amounts of IL-12p70 secretion are induced by Salmonella in vivo.
While intracellular infection with Salmonella or free LPS is a potent stimulus for secretion of IL-12p40 in cultured macrophages (e.g., references 33 and 34 and Fig. 1, 3 , and 4), such a stimulus does not augment substantial IL-12p70 secretion in vitro (Fig. 2, 3 , and 5). These in vitro results do not seem to reflect the effects that these agents can have on IL-12p70 production when given in vivo. When Salmonella (19, 28) or LPS (15) (16) (17) is given in vivo, significant IL-12p40 and IL-12p70 secretion has been documented. This difference with in vitro findings suggests that additional factors present in vivo are important for augmenting IL-12p70 expression. Identification of such costimulatory factors will be important, since at present it appears that at least two different stimuli are necessary for optimal IL-12p70 secretion (e.g. IFN-␥ plus LPS).
The results presented here also suggest that Salmonellaassociated LPS is not the most important component contributing to the IL-12p40 secretion observed following intracellular infection with this pathogen. While soluble LPS by itself is a potent stimulator of IL-12p40 ( Fig. 8 and references 12, 16 , 33, and 34), the concentrations of free LPS often used for such stimulation are high relative to the amount of LPS associated with the number of intracellular Salmonella cells in our culture system. Figure 8 shows that below approximately 1 ng of LPS per ml, a minimal amount of IL-12p40 (Ͻ80 pg/ml) was secreted. This is in contrast to the ability of approximately 10 5 viable, intracellular Salmonella cells (i.e., a challenge dose of 10:1) to stimulate greater than 5,000 pg of IL-12p40 per ml in BALB/c macrophages ( Table 1 and Fig. 1 ). The amount of LPS associated with 10 5 Salmonella cells is approximately 0.3 ng (30). Given these considerations, there appears to be little correlation between the amount of bacterium-associated LPS needed for stimulation of IL-12p40 secretion and the actual amount of IL-12p40 secreted in response to intracellular infection with Salmonella. Furthermore, if bacterium-associated LPS were a significant stimulator of IL-12p40 secretion following phagocytosis of gram-negative bacteria, it would have been predicted that macrophages from the LPS-hyporesponsive strain, C3H/HeJ, would not respond as well as BALB/c or CBA/J mice. In fact, there was very little strain difference in ability of an intracellular Salmonella infection to augment IL12p40 secretion (Fig. 4) . Such a result was also obtained when C3H/HeN and C3H/HeJ mice were compared for the ability to express IL-12p40 mRNA in response to intracellular Salmonella infection (4). Furthermore, intracellular pathogens such as Listeria monocytogenes (22) and mycobacteria (23) induce IL-12p40 secretion despite their inability to express LPS. Together these results demonstrate that intracellular infection of macrophages with Salmonella does not require bacterium-associated LPS to stimulate IL-12p40 secretion. Therefore, with respect to IL-12 production, it cannot be assumed that treatment of macrophages with soluble LPS provides the same stimulus for activation as does intracellular infection of these cells.
